INTRODUCTION
The skin functions as a critical barrier that can be severely compromised by exposure to ionizing radiation. When radiation injury is combined with traumatic wound injury, the normal wound healing process is disrupted, resulting in greater morbidity and mortality (1) (2) (3) (4) (5) . In the event of a radionuclear attack or nuclear plant accident, skin injury will likely be associated with additional injuries such as blunt trauma and internal or external wounds (6) (7) (8) (9) . The impact of acute radiation injury on wound healing has been investigated in both animals and humans (10, 11) . Several studies have confirmed qualitative changes in the extracellular matrix composition after irradiation. However, the molecular basis of radiation-induced skin injury and impairment of wound healing is still poorly understood (12) (13) (14) (15) .
Keratinocyte cell migration is vital for the wound healing process. The epidermal basement membrane (EBM) proteins that anchor keratinocytes to the underlying dermis must undergo metabolic processing to allow migration of stationary keratinocytes. One of these anchoring proteins is laminin 332 (formerly laminin 5), a heterotrimer formed by disulfide-bonded subunits a3b3c2 encoded by the LAMA3, LAMB3 and LAMC2 genes, respectively (16) (17) (18) (19) (20) . Laminin heterotrimers are assembled intracellularly. The cb-dimers require an a-subunit incorporation to drive the secretion and deposition of protein into the extracellular matrix (21) . A mutation in these subunits or autoantibody production against laminin 332 in humans and other mammals causes blistering diseases due to the compromised adhesion of keratinocytes to the EBM (22) (23) (24) (25) (26) (27) (28) (29) . All three subunits are sensitive to proteolytic cleavage by multiple enzymes, resulting in a variety of cleavage products required for the keratinocytes to switch from an adhesive state to a migratory state (30) (31) (32) . Among them is matrix metal-loproteinase (MMP) 2, an enzyme previously shown to cleave the rat c2 subunit (33) .
Laminin 332 has a dual function. First, it is able to maintain skin integrity by directly connecting the basal keratinocyte via integrin a6b4 to collagen VII in the underlying dermis. Second, it is able to stimulate robust keratinocyte migration via integrin a3b1, an especially important function during tissue repair and remodeling (31, (34) (35) (36) (37) . In this respect, laminin 332 may synchronize epithelial cell behavior with local tissue requirements (38) . In wounded skin, laminin 332 was found at the leading edge of the migrating keratinocyte sheet that eventually covered the wound bed during normal wound repair (30) . The leading wound edge in irradiated skin is described as significantly smaller in comparison to unirradiated controls, implying malfunction in keratinocyte migration (5) . Based on the recognition that laminin 332 is the major keratinocyte ligand in the EBM involved in keratinocyte migration and wound epithelization, we investigated the role of laminin 332 in radiation-impaired wound healing. Previous studies showed that radiation enhances production of MMPs in multiple tissues (39) (40) (41) (42) . Since one of the laminin 332 subunits (specifically c2) is processed by MMP2, we also evaluated MMP2 expression in irradiated and wounded skin.
While the mechanism underlying normal wound healing has been studied extensively in vitro and in vivo, the lack of a suitable animal model with standardized monitoring prompted us to develop a rat model of combined radiation and wound skin injury. Using a soft X-ray beam with a steep dose gradient and a custom-made jig, we were able to irradiate a large portion of rat skin without substantial injury to the internal organs. Infliction of two full-thickness wounds in the middle of the radiation field created an experimental tool that allowed us to study the effect of ionizing radiation on the skin, as well as on wound healing, without the complication of other organ injuries.
MATERIALS AND METHODS

Animals
Sixty-seven syngeneic 8-week-old male WAG/RijCmcr rats that were bred and housed in a moderate-security barrier were used for this study. Thirty-five were used for developing the animal model and 32 for wound healing studies. The animals were free of Mycoplasma pulmonis, Pseudomonas and common rat viruses, and after irradiation, they were housed individually to prevent damage to the wound site. The rats were monitored daily and maintained on a 12-h light/dark cycle, with free water and food intake. At the times specified below, animals were euthanized using isoflurane inhalation. All research was conducted in the Animal Care Facilities at the Medical College of Wisconsin, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and was approved by the College's Institutional Animal Care and Use Committee.
Skin Wounding
Twenty-four hours prior to the experiments, hair from the dorsal surface of the rats was removed under light anesthesia (isoflurane inhalation) using electric clippers. On the day of the experiments (day 0), rats were placed in a custom-made acrylic jig for irradiation or sham treatment. Within 1 h after irradiation, the rats were anesthetized (isoflurane inhalation) and the skin was decontaminated according to standard surgical procedure. Under sterile conditions, two fullthickness circular wounds were made on the back of each rat above the spinal cord within the center of the radiation field using an 8-mmdiameter punch biopsy. Hemostasis was achieved by blotting the wound with sterile gauze. The analgesic Rimadyle (carprofen, Pfizer) was injected at 5 mg/kg subcutaneously every 12 h for 2 days. The wounds were left uncovered for the duration of the study.
Monitoring of Wound Contraction
Wound healing is a complex process resulting in the restoration of the epithelial barrier. An integral part of this process is wound contraction. Wound contraction was assessed on alternate days from day 0 to day 21. Later times were not evaluated due to heavy crusts covering the wounds and multiple erosions blending into the wound site. The wounds were traced on clear autoclaved plastic, and the images were scanned and used to calculate surface area [Scion image analysis software, National Institute of Health (NIH)]. Wound contraction was compared to the original wound size as follows:
Percentage wound contraction on Nth day ¼ 100 À wound area on Nth day wound area on 1st day 3 100:
Irradiation Procedures and Dosimetry
An X-RAD 320 (North Branford, CT) orthovoltage X-ray system was used for the skin irradiation. Unanesthetized animals were immobilized in a specially constructed acrylic jig and irradiated with a single X-ray beam in the dorso-ventral direction. The jig is open at the top, where there are four evenly spaced fishing lines (0.35-mmdiameter monofilament) to keep the animal from escaping. The irradiated area of skin corresponded to approximately 10% (30 cm 2 ) of the total body surface and was located on the animal's back . To mimic an acute exposure scenario, the source-to-skin distance was 37 mm and was optimized to provide a sufficient field size while maximizing the dose rate (0.68 Gy per min). Animals were randomly divided into experimental groups (n ¼ 7) and irradiated with single doses of 10, 20, 30 or 40 Gy defined at the dermal layer. At such high doses, it was essential to maintain a steep dose gradient between the surface dose and the dose delivered to critical internal organs. For the 15-kVp, 45-mA beam used in the experiment, the percentage depth dose has been measured to be about 7% at 5 mm. The absolute dose was measured using GAFCHROMICt EBT radiochromic film. The film was calibrated using a Pantak SXT 150 orthovoltage unit used in the Department of Radiation Oncology for patient treatments. The clinical X-ray machine was calibrated previously according to the American Association of Physicists in Medicine Task Group 61 protocol for X-ray beam dosimetry (43) . The timer error of the X-ray machine was considered in the absolute dose determination.
An immunoelectron microscopy study used skin samples from WAG/ RijCmcr rats that had received a single 10-Gy whole-body dose plus a bone marrow transplant as part of a separate study (44) . The dose to the dermal layer of the dorsal skin of these rats was determined to be 12.5 Gy.
Primary rat keratinocytes (Cell Applications, Inc., San Diego, CA) were irradiated in a Mark 1 Cesium-137 irradiator (J. L. Shepherd and Associates, San Fernando, CA) at a dose rate of 2 and 5 Gy/min at room temperature. The cells were given 2 or 10 Gy.
Monitoring of Radiation Dermatitis
Photographs of the animals were taken three times per week and coded, and the skin injury score was assessed from coded images by LAMININ 332 AND RADIATION-INDUCED SKIN INJURY two investigators in a masked fashion according to a modified scoring system (45) as follows: Grade 1: normal-appearing skin; Grade 1.5: minimal erythema; Grade 2: moderate erythema; Grade 2.5: marked erythema, patchy dry desquamation; Grade 3: erythema, confluent dry desquamation; Grade 3.5: confluent dry desquamation, scabbing; Grade 4: patchy moist desquamation, moderate scabbing; Grade 4.5: confluent moist desquamation, small ulcers; Grade 5: large ulcers; Grade 5.5: necrosis.
Immunofluorescence Microscopy Studies
The skin and wound samples were embedded in OCT compound (Sakura, Japan) and frozen in liquid nitrogen for immunofluorescence studies. Six-micrometer skin sections were first incubated with antilaminin 332 rabbit polyclonal antibody at a dilution of 1:40 for 30 min at room temperature. This well-characterized antibody recognizes all processed and unprocessed laminin 332 subunits (28) . Normal rabbit IgG at the same dilution served as a negative control. After three washes in phosphate-buffered saline (PBS) solution, laminin 332 was detected by affinity-purified, FITC-conjugated goat F (ab 0 ) 2 anti-rabbit IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a dilution of 1:80 for 30 min. At the end of the procedure, slides were washed, covered with cover slips, coded and evaluated under a fluorescence microscope independently by two investigators in a masked manner. The intensity of immunofluorescence staining was evaluated using the NIH Image J program 1.43. Five consecutive images from each slide were converted to grayscale, the threshold function was used to select the stained region of the EBM, and the pixels corresponding to the stained EBM were measured.
Immunoelectron Microscopy Studies
Postembedding immunoelectron microscopy with cryofixation was carried out as described previously (46) . Briefly, small pieces of freshly harvested dorsal rat skin (n ¼ 6) were cryoprotected with 15% glycerol/PBS at 48C for 30 min and cryofixed by plunging them into liquid propane cooled to À1908C. Ultrathin sections were incubated with rabbit anti-laminin 332 antibody or normal rabbit serum diluted 1:200. After being washed, each section was incubated with 1-nm gold-labeled goat anti-rabbit IgG (Amersham International, UK) diluted 1:40. Gold particles were observed with a transmission microscope. To evaluate the density of immunogold particles decorating laminin 332 in the EBM, the number of particles was counted in 10 consecutive fields, and an average number was calculated from each experimental condition.
Skin RNA Extraction and Quantitative RT-PCR
Total RNA was prepared using RNeasy Fibrous Tissue Mini Kit (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions from skin samples harvested from the wound edge at day 3, 7 and 14 from 30 Gy-irradiated or sham-irradiated animals (n ¼ The results were normalized to the levels of the housekeeping gene GAPDH in sham-irradiated wounded skin at the corresponding time.
Measurement of Skin MMP2 Activity by Gelatin Zymography
An equal amount (50 mg) of skin tissue from the wound edge was collected at 0, 3, 7 and 14 days postirradiation and homogenized in 1 ml of lysis buffer, then centrifuged at 10,000 rpm for 20 min at 48C. The supernatant was collected, and protein concentration was determined by a Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Tissue extracts (70 lg of soluble proteins/lane) were separated by electrophoresis using Novex 10% Zymogram Gelatin Gels (Invitrogen, Carlsbad, CA) under non-reducing conditions and analyzed for gelatinolytic activity. Gels were photographed and converted to grayscale images, and the intensity of bands was quantified by densitometric analysis with NIH Image J program 1.43. Four experimental and four control animals were evaluated for each time.
Western Blot Analysis of Laminin 332 in Cultured Keratinocytes
Primary rat neonatal keratinocytes (Cell Applications, Inc., San Diego, CA) were grown in 30-mm tissue dishes in a humidified, 5% CO 2 and 95% air atmosphere in a serum-free medium (Cell Applications). Rapidly growing cells (;70% confluent) were irradiated with 2 Gy. Immediately after irradiation, culture medium was changed and cells were grown in the presence or absence of 10 lmol of the MMP inhibitor 1,10-phenanthroline (Sigma, St. Louis, MO) for 48 h. Dose-response studies for MMP inhibition by 1,10-phenanthroline were performed previously, and the most potent but nontoxic dose was chosen for this experiment. Control cells remained free of irradiation and were incubated in the presence or absence of MMP inhibitor. SDS-PAGE and immunoblot analysis of total keratinocyte extracts collected 48 h postirradiation were performed using specific anti-laminin 332 and anti-b actin antibodies as described previously (27) . The intensity of bands was quantified by densitometric analysis with NIH Image J program 1.43 and expressed as density relative to b actin loading control. Three gels from each experimental condition were used for Fig. 9 .
FIG. 2.
Time course of skin injury score after single doses of radiation. Each point represents data from 7 animals. The lines trace the median values; the bars show lowest and highest score at the particular time. All scores beyond 3 days are significantly elevated (P , 0.001 compared to age-matched normal animals).
FIG. 3.
Time course of wound closure after single doses of radiation. Each point represents data from 7 animals. The columns represent mean values, bars 6 SEM, and asterisks statistically significant decreases in wound closure (P , 0.05 compared to unirradiated animals).
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In Vitro Keratinocyte Migration Assay
To evaluate keratinocyte motility on pre-existing laminin 332, the primary rat keratinocytes were first grown to confluence. Then cell monolayers were extracted to yield laminin 332-coated tissue culture plates as described previously (28, 35) . Briefly, confluent keratinocytes were sequentially extracted with 1% Triton X-100 in PBS, 2 M urea in 1 M NaCl, and 8 M urea in PBS. The laminin 332-coated plates or noncoated plates were washed with PBS, seeded with neonatal rat keratinocytes at a density of 1 3 10 5 , grown to confluence, and then exposed to radiation (2, 10 Gy). Immediately after irradiation, the monolayer was scratched in a standard manner using a 200-ll sterile pipette tip to create a cell-free zone. The medium was aspirated and replaced with fresh keratinocyte medium; then the cells were incubated for 48 h at 378C. In vitro re-epithelization was documented at 48 h by photography. The residual gaps between the migrating keratinocytes were measured in triplicate for each experimental condition and then expressed as a percentage of the original scratch width using the NIH Image J program 1.43. The gap measurements (n ¼ 6) from two independent experiments were combined for Fig. 10 .
Statistical Analysis
To determine the significant differences in skin injury scores between the irradiated and sham-irradiated groups of animals, values were expressed as medians and the data were analyzed using the nonparametric Wilcoxon test (P , 0.05 was considered statistically significant). Non-parametric techniques were used for the skin scores because the scoring system is ordinal, not interval. For the rest of the studies, all the values were expressed as means 6 SEM. The values were analyzed using one-way analysis of variance (ANOVA) followed by Dunnett's post hoc multiple comparison test to establish statistical significance; comparisons were considered significant at a level of P , 0.05.
RESULTS
Rat Model of Combined Radiation and Wound Skin Injury
Four groups of seven WAG/RijCmcr rats were irradiated with single doses ranging from 10 to 40 Gy (defined at the upper dermis level), while a group of seven sham-irradiated rats served as a control. All animals were wounded within 1 h postirradiation and observed up to 30 days. Evaluation of the acute skin reaction showed a dose-dependent relationship between the severity of radiation dermatitis and the radiation dose. Rats irradiated with a single dose of 10 Gy developed mild erythema accompanied by dry desquamation at 12 6 2 days postirradiation, and by day 30 they presented only a mild alopecia within the radiation field. In contrast, animals irradiated with higher doses such as 20-40 
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Gy developed a full spectrum of radiation dermatitis depicted by dry desquamation at 6 6 2 days, moist desquamation at 10 6 2 days, erosions and, in the case of 30 and 40 Gy, deep ulcers within 21 days postirradiation (Fig. 1) . Radiation-induced skin injuries did not heal completely within 30-days after irradiation, as reflected by the skin injury scores (Fig. 2) . There was clearly a significant association (P , 0.001) between the skin injury score and the radiation dose as shown by the Wilcoxon test. Significant differences were observed at day 7 postirradiation and continued up to 30 days.
A systemic effect of ionizing radiation shown by delayed weight gain was observed in rats that were irradiated with 30 or 40 Gy. None of the experimental animals died due to combined radiation and wound skin injury even though the irradiated area represented about 10% of the total body surface. Evaluation of internal organs during necropsy did not reveal any macroscopic pathological changes in irradiated animals. These data strongly suggest that the reported increased mortality in animal models where totalbody irradiation is combined with skin injury is due to the combined effect of radiation damage to internal organs and skin injury, emphasizing the cumulative effect of these injuries (1, 5, 47) .
Radiation Delays Wound Closure
Wound measurements of unirradiated animals showed a rapid wound closure within 14 6 2 days. In contrast, 21 days after irradiation, the unhealed area represented 2, 44, 58 and 67% of the original wound size in animals receiving 10, 20, 30 and 40 Gy, respectively (Fig. 3) . Each of these radiation doses demonstrated significantly delayed wound healing in comparison to unirradiated controls (P , 0.05).
Radiation Diminishes Laminin 332 Staining in the Skin and Wound Bed
Immunofluorescence microscopy studies of irradiated skin using rabbit anti-laminin 332 antibodies showed diminished staining of laminin 332 in irradiated skin (Fig.  4A) . Skin samples from rats irradiated with 10 Gy demonstrated diminished linear staining of epidermal and 642 hair follicle basement membranes. In addition, there were small EBM fragments localized in the upper dermis. Interestingly, with escalating doses of radiation (i.e., 20-30 Gy), laminin 332 staining was present only in the hair folicle of EBM or was completely absent. The quantitative analysis of the laminin 332 staining intensity showed that these changes were statistically significant (P , 0.001) (Fig.  4B) . Evaluation of skin samples at 30 days postirradiation demonstrated a gradual recovery of laminin 332 staining, even in the skin irradiated with 30 Gy (Fig. 4C) .
Based on our findings of diminished staining for laminin 332 in the irradiated skin, we analyzed deposition of laminin 332 in irradiated wounds. The leading edge of sham-irradiated wounds showed intensive laminin 332 staining at day 3 after wounding together with new deposition of laminin 332 on the wound bed and complete re-epithelization by days 7-14. In contrast, the irradiated and wounded skin samples showed laminin 332 staining only at the wound edge even at day 14 without progression of staining into the wound bed (Fig. 5A) . The quantitative analysis of the laminin 332 staining intensity showed that these changes were statistically significant (P , 0.001) (Fig.  5B) . These data clearly demonstrate that laminin 332 deposition by wound edge keratinocytes is severely affected by ionizing radiation.
Radiation Alters the Ultrastructure of EBM
To further analyze the effect of radiation on skin ultrastructure, we compared skin samples from animals 120 days after 12.5 Gy irradiation with skin samples from age-matched unirradiated rats. At this time, the irradiated animals did not show any clinical evidence of radiationinduced skin injury (i.e., no alopecia, skin tumors or skin fibrosis). However, immunoelectron microscopy analysis of these skin samples revealed fewer immunogold particles bound to laminin 332 in irradiated skin (26 6 9 in irradiated skin compared to 64 6 15 in unirradiated skin, P , 0.001) (Fig. 6 ). These data support our hypothesis that the effect of ionizing radiation on EBM is long lasting and that acute injury represented by a decreased amount of laminin 332 in EBM may lead to weak dermo-epidermal adhesion, increased skin fragility and delayed wound healing frequently seen in radiological accidents victims (7, 48, 49) .
Radiation Upregulates Expression of LAMA3, LAMB3, LAMC2 and MMP2 in Wounded Skin
The synthesis of EBM components is regulated at the transcriptional, post-transcriptional, translational and posttranslational levels. To determine if the above-described changes in the amounts of laminin 332 at the protein level were due to changes at the transcriptional level, we tested the effect of ionizing radiation on the levels of mRNAs by quantitative RT-PCR (qRT-PCR). Skin samples were evaluated from rats irradiated with 30 Gy because the laminin 332 staining was most affected at this radiation dose. Within 3 days after irradiation, the mRNA expression for all three laminin 332 genes was upregulated (1.5-to 3-fold increase) compared to sham-irradiated and wounded skin. These changes persisted to day 7, with 2-to 8.5-fold increases. The mRNA levels returned to levels comparable to those of sham-irradiated wounded skin by day 14 (Fig.  7) .
The difference between data from the immunofluorescence and immunoelectron microscopy studies and qRT-PCR suggested that in irradiated skin the synthethized laminin 332 is rapidly cleaved by activated proteolytic enzymes (such as MMP2, MMP 9 or plasmin) that have been reported to be elevated after irradiation in multiple tissues (50) . Since the c2 subunit of rat laminin 332 is cleaved by MMP2, we evaluated MMP2 expression by qRT-PCR. The MMP2 levels were compared to the levels of the housekeeping gene GAPDH. A 3.5-fold increase in mRNA expression of MMP2 was found within 3 days postirradiation and a 5.5-fold increase at day 7, with a return to the level of sham-irradiated controls by day 14 (Fig. 7) . This provides direct evidence that radiaton-induced skin injury results in increased mRNA levels of all three laminin 332 genes (i.e., LAMA3, LAMB3, LAMC2) in a timedependent manner that is paralled by the increased expression of MMP2 up to 7 days postirradiation. 
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Radiation Enhances Production of MMP2 in the Wounded Skin
To determine if elevated MMP2 gene expression correlates with MMP2 protein levels, we evaluated skin samples from irradiated and control animals by quantitative gelatin zymography. Within 3 days postirradiation there was statistically significant enhanced production of pro MMP2 (72-kDa band) compared to nonirradiated controls (P , 0.001). The active form of MMP2 (62-kDa band) gradually increased and by day 14 postirradiation reached statistical significance (P ¼ 0.001) (Fig. 8) . These data suggest that the decrease of laminin 332 in irradiated and wounded skin is due in part to alterations on the post-translational level and that excessive proteolytic cleavage of laminin 332 by elevated MMP2 can play a role in the delayed wound healing of irradiated skin.
Radiation Alters Laminin 332 Deposition and Processing in Rat Keratinocytes In Vitro
To confirm the data from the in vivo experiments described above, a series of in vitro studies were performed to evaluate the amount of laminin 332 deposited by irradiated rat keratinocytes. A quantitative Western blot analysis of laminin 332 subunits showed a statistically significant decrease in deposition of total laminin 332 within 48 h postirradiation compared to laminin 332 deposited by nonirradiated cells (P , 0.001) (Fig. 9A, B) .
To evaluate effect of protease inhibition on laminin 332 synthesis and deposition in irradiated keratinocytes, we added a matrix metaloproteinase inhibitor (MMPi), 1,10-phenanthroline (10 lmol), to the culture medium immediately after irradiation (0, 2 Gy). The cells were harvested 48 h later, and the amount of laminin 332 was quantified by Western blot analysis. The addition of an MMPi to culture medium significantly (P ¼ 0.006) increased the amount of laminin 332 deposited by keratinocytes given 2 Gy (Fig.  9A, B) .
Radiation Delays Keratinocyte Migration In Vitro
To determine if the reduced amount of laminin 332 deposited by irradiated keratinocytes can affect their migratory function, we prepared laminin 332-coated plates (28) and seeded them with rat keratinocytes. Regular noncoated tissue culture plates seeded with rat keratinocytes served as controls. Confluent monolayers were irradiated (0, 2 and 10 Gy), and the migratory properties of cells were evaluated by a wound scratch assay. While nonirradiated keratinocytes closed the original scratch width within 48 h, the irradiated keratinocytes displayed a dose-dependent slower migration rate reflected by a higher percentage of unclosed wound scratch (Fig. 10A, B) . Wounded and irradiated keratinocytes grown on the laminin 332-coated plates exibited a significantly higher percentage of original wound scratch closure when compared to keratinocytes grown on the regular noncoated tissue culture plates (2 Gy, P ¼ 0.008; 10 Gy, P ¼ 0.001). These results clearly demonstrate that irradiated keratinocytes have a slower migration rate and the lower amount of laminin 332 is one of the crucial factors responsible for this process.
DISCUSSION
We developed an animal model of ionizing radiation and wound skin injury that was used to address two main questions. First, does radiation-induced skin injury affect skin wound healing or mortality in irradiated animals if there is no involvement of internal organs? Second, if there is a delayed wound healing in irradiated skin, is it due in part to changes in the expression of the EBM protein laminin 332 that has been implicated in keratinocyte adhesion, migration and wound healing?
In agreement with previous studies, our results showed that ionizing radiation delays wound healing and that this delay is correlated with the radiation dose (1, 7, 12) . While all sham-irradiated animals had closed wounds within 16 days, none of the irradiated animals demonstrated complete wound closure within 30 days postirradiation (Fig. 3) . Our model of combined radiation and skin wound injury was based on a distinctive radiation protocol. Using a soft X-ray beam with a steep dose gradient, we were able to irradiate about 10% of the total body surface without directly affecting other organ systems. Even though the skin injury was quite severe in animals receiving 30 and 40 Gy, and was combined with two full-thickness wounds, none of the animals died during the study. These data help to address the role of skin in radiation-induced multiple organ-system failure. Radiation-induced skin injury without whole-body irradiation, even when combined with wounds, does not lead to increased mortality. Instead radiation-induced skin injury is only one component of the intricate multiple organsystem failure seen in victims of radiation accidents (5, 7, 47, 51) .
Wound healing is a complex process of closely orchestrated overlapping phases of inflammation, proliferation and remodeling. Each of these steps can be affected by ionizing radiation (52, 53) . While multiple studies have evaluated the effect of ionizing radiation on wound healing and have recognized the importance of EBM in restoration of skin integrity and protection from the outside enviroment, none of these studies examined quantitative or qualitative changes in laminin 332 (11, 15, 54, 55) . This study is the first attempt to demonstrate that ionizing radiation can reduce the amount of laminin 332 protein in irradiated skin for several months after irradiation. We showed persistent EBM alteration as seen in the strikingly different immunostaining patterns for laminin 332 in irradiated and shamirradiated skin (Fig. 4) . These results were futher confirmed by immunoelectron microscopy studies (Fig. 6 ) that showed fewer immunogold particles in irradiated skin even though It has been shown that keratinocytes in the migrating tongue of re-epithelizing epidermal wounds greatly increase their expression of laminin 332 (30) . Wounding of quiescent epidermis results in increased expression and deposition of laminin 332 to repair the EBM, and within 8 h after injury, laminin 332 is deposited at the wound edge (56) . Evaluation of skin samples taken from the wound edge of irradiated animals revealed diminished laminin 332 staining not only in the wound edge but in the provisional wound bed as well. This diminished staining was present up to 14 days postirradiation, suggesting that the altered epithelization of the irradiated wound was partially due to the lack of the preferred pro-migratory ligand, laminin 332 (Fig. 5) . To detect early changes in laminin 332 expression, we evaluated tissue samples by qRT-PCR. Interestingly, keratinocytes from irradiated and wounded skin had upregulated expression of all three laminin 332 genes (LAMA3, LAMB3, LAMC2) up to 7 days postirradiation. To elucidate the discrepancy between the upregulated gene expression and lower amount of laminin 332 protein in the irradiated skin, we hypothesize that the diminished laminin 332 staining in irradiated skin could have been caused by multiple factors (i.e., translational arrest, mRNA destabilization or excessive proteolytic degradation by radiationactivated matrix metalloproteinases) (19, 20, 33, 57) .
Matrix metalloproteinases are critical in the inflammatory and remodeling phases of wound healing, since one of their main functions is the selective degradation of extracellular matrix (ECM) components (58, 59) . Regular proteolytic cleavege of rat laminin c2 subunit by MMP2 produces the 105-, 80-and 25-kDa forms that have been associated with tissues undergoing remodeling and epithelial cell migration (33) . We evaluated mRNA levels of one of the multiple proteases involved in the processing of laminin 332, namely MMP2, a protease that is secreted by a variety of cell types, including keratinocytes and fibroblasts (60, 61) . The studies of MMP2 mRNA showed up to 5.5-fold upregulation within 7 days after 30 Gy. These data were further confirmed at the protein level by gelatin zymography, which demonstrated significantly increased amounts of pro-MMP2 and MMP2 in the irradiated skin (Fig. 8) . Moreover, incubation of irradiated keratinocytes in vitro in the presence of MMP inhibitor restored laminin 332 deposition to its original level.
In conclusion, this study is the first to report diminished laminin 332 deposition in irradiated and irradiated/wounded skin as well as the underlying role of MMP2 in this process. Radiation-induced altered laminin 332 deposition and processing may be one of the key reasons for delayed wound epithelization. Our studies established an animal model that can be used to assess the mechanisms of radiation-induced skin injury and radiation-impaired wound healing.
